Abstract. Gradually expanding gap in the outlet of the Roots blower can effectively reduce the backflow impact and the noise of the blower. The working principle for the Roots blower with the gradually expanding gap is investigated in this paper. And the mathematical modelling for backflow is proposed. Numerical methods are given to solve the outlet gap size. The performance parameters of different dimension gap are compared. The outlet flow field in Roots blower with gradually expanding gap is simulated by means of CFD simulation. Finally, the correctness of the numerical solution is verified.
Introduction
The Roots blower with the characteristics of large range of output pressure, higher speed, and large exhaust air rate has been used widely [1] . As shown in Fig.1 , two rotors are driven by a pair of synchronous gears rotating in opposite direction at the same speed. While in working process, a closed space is formed between the rotor profile and the inner walls of the housing, and the closed space is called the basic inter-space. With the rotation of a pair of rotors, gas is pushed from the inlet to the outlet in the basic inter-spaces. Without taking into account the leakages, there are 6 basic inter-spaces of the gas which are delivered with a revolution of the rotors. Because of the large pressure differentials between the inlet and the outlet gas, the high pressure gas of the outlet will have a greater impact when the basic inter-space is transferred to the outlet. In addition, the trapped gas when the rotors engaging can cause the local pressure to rise rapidly. And all the impact will produce vibrations and noises. Roots blower noise reduction has been a research focus of scholars. Xiong put the muffler into the Roots blower shell, and reduced the noise by 15~25 dB [2] . Li studied the countercurrent cooling structure and gradually expanding gap of Roots blower, and verified the effectiveness of them with theoretical analysis and numerical simulation [3] . Wang analyzed the vibration energy of Roots blower equipments and noise propagation both qualitatively and quantitatively with the spectral characteristics of vibration and wideband noise taken into account [4] 。Fu solved the gradually expanding gap of Roots blower by curve fitting method [5] .
Many studies show that the gradually expanding gap of the Roots blower is one of the effective methods reducing noises. But there is no calculation method for the expanding gap. The gradually expanding gap of Roots blower is analyzed, and the gas flow equation is established in this paper. Each of linear and quadratic function is chosen as the changing rule of the gradually expanding gap. The backflow process is modeled by mathematics. The optimal exit size of the gradually expanding gap is solved with numerical method. Finally, the Roots blower outlet flow field is simulated by CFD software. And the correctness of the numerical solution is verified.
The Theoretical Analysis and Mathematical Modeling of the Gradually Expanding Gap
One of the effective ways to reduce the backflow impact is to use the helical rotors similar to the helical gear. The basic inter-space in the Roots blower with helical rotors is gradually opened at the outlet, which can effectively reduce the impact of the backflow at the outlet. However, due to the characteristics of the structure, the manufacturing of the helical rotors is difficult, and the 2nd International Conference on Advances in Mechanical Engineering and Industrial Informatics (AMEII 2016) production cost is higher. So, it is rarely used in practical Roots blower production. And another feasible but more economical means to reduce the impact is to use the outlet gradually expanding gap [3] . As shown in Fig. 2 , the inner housing wall near the outlet of the blower is gradually expanding; a wedge-shaped space between the outer circle of the rotor tooth profile and the wall of the blower housing is formed. So, the gap between the rotors and the walls is gradually increasing with the rotation of the rotors. The pressure of basic inter-space is gradually increasing when the backflow of the gas through the gap which are gradually increasing. When the basic inter-space connects with the outlet space of the blower, the pressure of the basic inter-space and the outlet space gets to balance. The gradually expanding gap of the blower can effectively reduce the impact of the backflow and the noise of the blower.
O1 O2
ω1 ω2 Even if the Roots blower doesn't have gradually expanding gap, there are backflow and leakages through the gap mentioned above. But, the backflow and leakage rate is basically unchanged and smaller. So, we can neglect the gap mentioned above when solving the gradually expanding gap. As shown in Fig. 3 , when the point A on the rotors runs from M 0 to M 20 , the gap width h between the rotor tooth profile and the housing wall increases gradually from 0 to w h . And the pressure in the basic inter-spaces increases gradually; meanwhile the pressure differentials reduce gradually. At the exit, the velocities of backflow decrease to zero, and the pressure differential is to zero too. So, the backflow impact is greatly reduced.
In engineering applications, the design of the gap value is often based on the experiences [5] . However, too small gap can't reduce the impact effectively, and too large gap will enlarge the size of the blower. In this paper, calculation model of the flow-back process when the basic inter-space gets through the gradually expanding gap is established. And the optimal values of the gradually expanding gap are obtained. The change law of backflow parameters is studied.
In the backflow processes, the air input of the basic inter-space is given as [6] ,
In Eq. (2), Q is the intake air quality, 20 t is the time when point A gets through the gradually expanding gap, w ρ is the air density in outlet, v is the velocity of backflow, h is the gap width.
The values of h are from 0 to w h , and change by linear or quadratic function law.
Where in Eq. (5), ϕ is the velocity coefficient, and its value is 0.64 [4] ; w p and n p are pressures in the exit and basic inter-space respectively.
The gauge pressure in outlet of Roots blower is usually no more than 80 kPa ，and the efficiency of the blower reaches the maximum value when gauge pressure is 40 kPa or so. In order to simplify calculating, we build a gas model approximately by ideal gas. The air pressure in the basic inter-space will increases with the increasing of the backflow air quality.
Clapyron equation of ideal gases: pV nRT = (6) Where in Eq. (6), p represents the gas pressure; V is the gas volume; n is the amount of matter; R represents the gas constant; T is the absolute temperature.
From Eq. (6), it can be seen that in the case of constant temperature gives, / p n V ρ ∝ ∝ (7) Because a basic inter-space volume of the rotor is fixed, so:
In Eq. (8), 0 Q is the initial air quality of the basic inter-spaces, 0 p is the initial air pressure of the basic inter-space.
Outlet air density:
Where, 0 ρ is the air density with one standard atmospheric pressure, w h is solved by Eqs (2), (5) and (8) . The boundary condition is given as 0
Because of the difficulty of solving differential equations, the equation variables are discreted to deal with.
The gradual expansion area is divided into 20 parts, as shown in Fig. 3 . Let 1 20 i = :
, then:
An Example of Solving Gradually Expanding Gap
Assuming that center distance of two rotors is 127 a mm = , diameter of rotor addendum circle is 204 D mm = , the rotors profiles are designed by the eccentric arcs and cycloidal curves tooth profile [9] , the initial pressure in the basic inter-space is 0 From the Tab. 1 and Tab. 2, it can be seen that both pressure differentials and velocities of backflow reduce to zero when point A on the rotor reaches to the exit of the gradual expansion, and the backflow is disappeared this moment. The gap width of exit of linear function is 4.28mm , and the quadratic function is 6.32mm . The linear function is better than the quadratic function. From the change trend of pressure differentials in Fig. 4 , we can see that the pressure differential of the linear function showing smaller overall trend. The linear function is better than the quadratic function.
As shown in Fig. 5 , the backflow velocities of linear function are lower than that of quadratic function, and change more smoothly. The linear function is better than the quadratic function. 
Comparison and Verification of Roots Blower Pressure Pulsation Based on CFD
To verify the effect of the gradually expanding gap, taking linear function changing rule gradually expanding gap of Roots blower and non-gradually expanding gap of Roots blower into compared. In CFD simulation, the unsteady flow field is used, the dynamic mesh is adopted, and the rotation speed of the rotor is given as 1460rpm . The fluid pressure and velocity of two kinds of blower, which are in a revolution of rotor, the normal gap and the linear function changing gap, are solved. Due to limitations on space, the process of modeling and solving process is omitted.
Based on the comparison results above, the performance of Roots blower with gradually expanding gap in linear function changing rule are better than that of quadratic function. Due to limitations on space, the other changing rule of the gradually expanding gap isn't discussed here. Considering the convenience of design and manufacture, it is appropriate to choose the linear function rule. Fig. 6 and Fig. 7 are the flow velocity distribution in the Roots blower at the time when the gap is rotating near to the exit. The large flow rate is in the gap between the two rotors of the backflow, this kind of local high speed backflow cannot be avoided. Near to the exit of the normal gap Roots blower has a intense backflow, as shown in Fig. 8 . And the backflow velocity of the Roots blower with gradually expanding gap is obviously decreased, as shown in Fig. 9 . From Fig. 8 , we can see that the velocity of the backflow reaches to 240 / m s , and is much higher than that of the flow field nearby. When the basic inter-space opens to the exit, the high-pressure airs will impact the basic inter-space of airs intensely, accompanied by flow pulsation and noise. And the backflow velocity of the Roots blower with gradually expanding gap is only about 30 / m s , which is consistent with the theoretical calculation results, as shown in Tab. 1. Obviously, using the gradually expanding gap can significantly slow down the backflow rate and reduce the air pulsation and noise. The effects are obviously. Fig.8 The backflow velocity near the exit of Roots blower with normal gap Fig. 9 The backflow velocity near the exit of Roots blower with gradually expanding gap Before simulation, setting a monitor point nearby the outlet of blower, monitoring the change of flow dynamic pressure. As shown in Fig. 10 , the maximum value of the dynamic pressure of the blower with gradually expanding gap declines by 42% than that of blower with normal gap, and the fluctuation range declines by 62% . The effects of reducing backflow impact and noise are obviously.
Conclusions
The backflow equation of the gradually expanding gap is established. The optimal value of the gap is solved by the numerical method. And the performances of the blower with the solved parameters are simulated and verified. The results show that the air pulsation and noise can be reduced effectively by using the gradually expanding gap. In addition, the numerical method is used to solve the optimal value of the gradually expanding gap, which provides a theoretical basis for the engineering design. 
